Climate change can alter peatland plant community composition by promoting the growth of vascular plants. How such vegetation change affects peatland carbon dynamics remains, however, unclear. In order to assess the effect of vegetation change on carbon uptake and release, we performed a vascular plant-removal experiment in two Sphagnum-dominated peatlands that represent contrasting stages of natural vegetation succession along a climatic gradient. Periodic measurements of net ecosystem CO 2 exchange revealed that vascular plants play a crucial role in assuring the potential for net carbon uptake, particularly with a warmer climate. The presence of vascular plants, however, also increased ecosystem respiration, and by using the seasonal variation of respired CO 2 radiocarbon (bomb-14 C) signature we demonstrate an enhanced heterotrophic decomposition of peat carbon due to rhizosphere priming. The observed rhizosphere priming of peat carbon decomposition was matched by more advanced humification of dissolved organic matter, which remained apparent beyond the plant growing season. Our results underline the relevance of rhizosphere priming in peatlands, especially when assessing the future carbon sink function of peatlands undergoing a shift in vegetation community composition in association with climate change.
| INTRODUCTION
Peatlands are formed under climatic, hydrological and biological conditions that suppress the decomposition of plant litter, resulting in the accumulation of organic matter as peat. The imbalance between litter production and decomposition makes peatlands effective longterm sinks of atmospheric carbon (Yu, 2012) . Indeed, despite a distribution limited to c. 3% of the Earth's land surface, peatlands contain c. 30% of its soil carbon (Yu, 2012) . In northern peatlands, Sphagnum mosses play a crucial role in peat accumulation due to the production of litter particularly resistant to microbial decomposition (H ajek, Ballance, Limpens, Zijlstra, & Verhoeven, 2011) . However, alteration of the hydrological balance (Munir, Perkins, Kaing, & Strack, 2015; Talbot, Roulet, Sonnentag, & Moore, 2014) , increase in nitrogen availability Juutinen, Bubier, & Moore, 2010) and, more specifically, climate warming (Dieleman, Branfireun, Mclaughlin, & Lindo, 2015; Weltzin et al., 2000) can promote the growth and cover of vascular plants in peatlands. Such increase in the abundance of vascular plants can potentially reduce the productivity of Sphagnum mosses due to, for example, lower light availability (Chong, Humphreys, & Moore, 2012) and increasing evapotranspiration (Hirano et al., 2016) . In addition, considering that the decomposition rate of vascular plant litter is much faster than that of Sphagnum mosses (Dorrepaal, 2007) , it is crucial to clarify the role of a higher vascular plant biomass, particularly with a warmer climate, with reference to the capability of the system to act as carbon sink (Breeuwer, Heijmans, Robroek, & Berendse, 2010; Wang, Richardson, & Ho, 2015; Ward et al., 2013) .
From a belowground biogeochemical perspective, the presence of vascular plants can supply soil microbes with labile carbon substrates via rhizosphere exudates, providing additional energy to invest in decomposition of old organic matter (Fontaine et al., 2007; Schmidt et al., 2011) : a process known as the priming effect (Kuzyakov, 2010) . Nevertheless, it is still unknown whether the priming effect in peatlands is directly linked to the abundance of vascular plants, and whether the priming effect shows any seasonal trend, particularly in relation to plant phenology. Answering these questions can help to better predict how climate warming will alter the carbon cycle of northern latitude peatlands when vascular plants become more abundant (Dieleman et al., 2015) and the length of the growing season increases (Piao et al., 2008) .
To investigate the role of vascular plants in the seasonal net assimilation of atmospheric carbon and in the decomposition of peat carbon under contrasting climatic conditions, we performed a vascular plant-removal experiment in two Sphagnum-dominated peatlands that were located at different elevations and thereby naturally differed in mean annual temperature, growing season length and vascular plant abundance (Table 1) . As such, the comparison of our study sites should be interpreted as a space-for-time substitution (Blois, Williams, Fitzpatrick, Jackson, & Ferrier, 2013) , whereby the low elevation peatland represents the ecosystem state resulting from a natural response of vegetation to warmer climate compared to the upslope site (Klaus, 2007) . During a full growing season, we periodically measured the net ecosystem CO 2 exchange (NEE), the ecosystem respiration (R eco ) and its radiocarbon signature, and the humification degree of dissolved organic matter in order to: (i) assess the role of vascular plants in assimilation of atmospheric CO 2 compared to Sphagnum mosses under contrasting climatic conditions; and (ii) detect any temporal link between the presence of vascular plants and enhanced decomposition of peat through rhizosphere priming and the associated carbon release into both the atmosphere and pore water.
| MATERIALS AND METHODS

| Study sites and experimental design
We selected two Sphagnum-dominated peatlands located at 1,035 and 1,885 m a.s.l. in Switzerland (Tables 1 and S1 ). At both sites, dominant vascular plant species were Eriophorum vaginatum, Calluna vulgaris and Vaccinium spp., whereas Sphagnum magellanicum, S. capillifolium and S. fallax were the dominant peat moss species (Gavazov, Hagedorn, Buttler, Siegwolf, & Bragazza, 2016) . Peat depth was estimated to be >1.5 m.
At each site, six paired 40 9 40 cm plots were selected in midsummer 2013. To study the effect of vascular plants on peat decomposition, we clipped the aboveground biomass of vascular plants in half of the plots (ÀV treatment) without disturbing the moss layer, and left the belowground roots to decompose until measurements commenced the following year (cf. Kuiper, Mooij, Bragazza, & Robroek, 2014; Ward, Bardgett, McNamara, & Ostle, 2009 ). We started the field measurements after 1 year in order to allow the decomposition of most living roots, in particular the most labile fine roots. Due to the low rate of root decomposition in peatlands (Laiho, Laine, Trettin, & Fin er, 2004; , we are aware that root biomass did not completely decompose after 1 year, but the delay of 1 year in field measurements after biomass removal is, however, expected to have significantly reduced the belowground carbon allocation and root exudation in clipped plots. Vascular plants were left intact in paired control plots (+V treatment), so that our experimental setup represents a paired-plot design with three replicates. Individual plots were delimited by 10 cm high quadratic stainless steel frames pushed to c. 5 cm depth in the living moss layer, which served as collars for gas flux measurements (see below). At regular intervals during 2013, all plots were trenched along the collars with a 30-cm long knife to avoid root colonization. In the ÀV treatments, vascular plant regrowth was regularly clipped in 2013, whereas no or very limited regrowth was observed in 2014. Because our primary aim was to study the biogeochemical role of vascular plants on carbon cycling, we decided to limit any secondary effects associated with vascular plant removal by shading the clipped plots (ÀV) with a UV-resistant mesh simulating the original vascular plant cover as preliminarily measured by photosynthetically active radiation (PAR) extinction underneath the canopy (60% and 30% at low and high elevation, respectively). By doing so, the presence of a mesh avoided the desiccation of peat mosses, maintained the natural PAR intensity, and avoided changes in soil microclimate. During gas exchange measurements this mesh was instead used over the chamber to maintain the natural light intensity.
Ancillary measurements of soil temperature and soil water content in the clipped and control plots at both elevations confirmed the suitability of this approach (Table S2 ).
| Plant biomass and cover estimations
In each peatland, total aboveground vascular plant biomass was estimated by destructively harvesting five random 25 9 25 cm quadrats at peak standing biomass in 2013. Vascular plant cover within the experimental plots was estimated nondestructively with the pointintercept method. In brief, a pin was lowered over the vegetation through a 40 9 40 cm grid with 361 holes and the identity of the first intercepted plant was recorded. Species were attributed to one of the existing five categories: graminoids, shrubs, forbs, Sphagnum spp. mosses and standing litter, where the total surface cover equals 100%. Control plots (+V) as well as vascular plant-removal plots (ÀV) had 100% Sphagnum cover.
| CO 2 flux measurements
In 2014, 1 year after the start of the vascular plant-removal treatment, a series of monthly CO 2 flux measurements were carried out during the snow-free period at each peatland starting in mid-April at 1,035 m a.s.l. and in mid-June at 1885 m a.s.l. and lasting through to the end of October. CO 2 fluxes at ecosystem level were measured using a custom-made transparent (95% light transmission) Plexiglas chamber (40 9 40 cm wide, 50 cm high) equipped with a diffusion infrared gas analyser (GMP343, Vaisala, Finland) and a humidity-temperature probe (HMP57, Vaisala, Finland). Air inside the chamber was mixed with a system of inbuilt computer fans. The chamber had a rubber seal on the bottom and a small capped hole on the top which remained open when the chamber was placed on the permanent stainless steel Pore-water chemistry is the seasonal mean (AE1 SE) of three replicates for each site as measured in the control plots where vascular plants were not clipped (+V treatment). Different superscripts indicate significant differences between the peatlands (p < .05). The age of the peat was calculated from a reference dataset of atmospheric 14 C measurements carried out at the Jungfraujoch station and refers to years before 2014.
GAVAZOV ET AL. collar to avoid pressurization. Net ecosystem CO 2 exchange (NEE) measurements were done in full light and were immediately followed by ecosystem respiration (R eco ) measurements for which the chamber was darkened with a nontransparent cover. All flux measurements were carried out between 10 a.m. and 12 a.m. local time, ensuring optimal photosynthetic conditions for both Sphagnum and vascular plants with vapour-pressure deficit (VPD) below 1.5 kPa and PAR intensity above the vegetation canopy between 1,400 and 2,100 lmol m À2 s
À1
. Each measurement lasted 1 min in order to avoid excessive heat and humidity causing condensation inside the chamber. The CO 2 flux was calculated as a linear change in concentration (ppm), taking into account ambient atmospheric pressure and gas temperature. In this study, negative NEE represents a net CO 2 assimilation by the plant community and the calculated gross ecosystem productivity (GEP) was derived from the difference between R eco and NEE.
| Radiocarbon analysis and age interpretation
To determine the seasonal contribution of vascular plant-associated R eco , we sampled respired CO 2 for radiocarbon analysis in both the clipped and unclipped plots in July and at the end of September 2014 (Table S3) . We used a passive CO 2 sampling method to determine the radiocarbon signature of ecosystem respiration (Garnett, Hartley, Hopkins, Sommerkorn, & Wookey, 2009 ). In brief, specific PVC chambers (10 cm diameter, 10 cm height) connected to a zeolite molecular sieve cartridge (MSC) were gas-tight mounted on collars of similar size preinstalled in 2013 in each plot at 7 cm depth.
Prior to sample collection, the atmospheric CO 2 in the chamber headspace was scrubbed by pumping it at a constant rate (0.5 L/ min) through a soda lime column for 10 min while monitoring the concentration. The chambers were then left in place for 10 days until, based on CO 2 production rates, a sufficient amount of CO 2 (i.e. ≥3 ml) was passively trapped on the MSCs by diffusion without the use of an external pump. The trapped CO 2 was thermally recovered (425°C) while purging with high-purity nitrogen gas, converted to graphite by Fe/Zn reduction and analysed by acceleration mass spectrometry (AMS) at the NERC Radiocarbon Facility in Scotland, UK (Garnett & Murray, 2013) . Subsamples of CO 2 were measured on a dual inlet stable isotope mass spectrometer (Thermo Fisher Delta V) to determine their d 13 C signature.
In addition, we evaluated the apparent carbon accumulation rate at the two peatlands by splitting one 20-cm long peat core from each site into 5 cm segments. From these segments, vascular plant remnants were removed, after which the carbon content, peat density and peat age were determined (Table S4 ). After the combustion of these samples in a high-pressure bomb in the presence of oxygen, CO 2 was converted to graphite as above. The peat age was estimated by matching the 14 C content with a known record (Levin, Kromer, & Hammer, 2013) of atmospheric 14 CO 2 in order to estimate the date of carbon fixation (Goodsite et al., 2001) according to Cali-Bomb program for postbomb 14 C samples (see Reimer, Brown, & Reimer, 2004) .
Following convention (Stuiver & Polach, 1977) , all radiocarbon data were corrected for mass-dependent fractionation by normalizing to d
13 CVPDB values of À25& using the measured d 13 C values, and reported as %Modern with reference to the Oxalic Acid international radiocarbon standard. These data (Table S3) were not subjected to further corrections for atmospheric air contamination during chamber enclosure (Czimczik, Trumbore, Carbone, & Winston, 2006; Hartley et al., 2012; Hicks Pries, Schuur, & Crummer, 2013; Natali et al., 2011) as the fraction of atmospheric CO 2 in the recovered samples proved low and subsequent 14 C corrections remained within the AMS measurement uncertainty (AE 0.5%Modern).
To distinguish between vascular plant-derived respiration and respiration from peat induced by the presence of vascular plants (i.e.
the rhizosphere priming effect), we made a common-practice assumption that vascular plants respire contemporary carbon with a 14 C signature identical to the current atmosphere (Hartley et al., 2012; Subke, Voke, Leronni, Garnett, & Ineson, 2011) , whereas subsurface peat respires older carbon (Hardie, Garnett, Fallick, Rowland, & Ostle, 2007) , which has become very likely incorporated during the post-1963 bomb-14 C spike at our studied sites (Table S3) 
| Statistical analysis
Data on seasonal CO 2 fluxes and pore-water chemistry were analysed as a paired-plot design for the effect of vascular plant removal in each peatland. The hierarchical structure was coded in R3.3 (R Core Team, 2016) as a linear mixed-effects model using the NLME package (Pinheiro, Bates, DebRoy, & Sarkar, 2016) , accounting for the spatial proximity of +V (control) and ÀV (clipped) pairs and the repeated measurements in individual plots. Assumptions of normality and homoscedasticity of the residuals in all final models were verified visually using diagnostic plots, and the simplest models were retained by pooling nonsignificant interactions with the error term.
Comparisons between the radiocarbon signature of the atmosphere and the estimated vascular plant-associated CO 2 were done in R using One Sample t tests for each site and sampling date.
| RESULTS
The main hydrological (water-table depth) and hydro-chemical (water pH and electrical conductivity) parameters were comparable between the two peatlands and overall typical of ombrotrophic peatlands, i.e. rain-fed bogs (Table 1 ). The main differences between the two sites were related to climatic conditions and abundance of vascular plants, with characteristically higher air temperature, lower precipitation and higher shrub biomass at low elevation (Tables 1   and S1 ). Because the cover of peat mosses at plot level did not differ between the two sites (100% at both sites), the study sites can be regarded as a natural climate change experiment where the natural climatic gradient resulted in similar plant community composition, but with different abundance of vascular plants in response to soil microclimate (Tables 1 and S2 ).
Overall, the net ecosystem exchange of atmospheric carbon (i.e. C than would be expected from autotrophic contributions alone at both low (t 1,2 = 8.8, p = .006) and high (t 1,2 = 2.7, p = .053) elevation (Figure 2 ). An enrichment in bomb-14 C likely occurred also during the peak of the growing season in July ( Figure 2) ; however, it was masked by larger variability at both low (t 1,2 = 1.4, p = .153) and high elevation (t 1,2 = 1.9, p = .096).
On the basis of pore-water chemistry, the peatland at low elevation was characterized by a c. 30% greater concentration of dissolved organic carbon (DOC) ( Table 1) . Furthermore, the FT-IR spectroscopy demonstrated that the presence of vascular plants (+V) was associated with a consistently higher humification of dissolved organic matter in both peatlands. This was indicated by higher concentrations of aliphatic, carboxylic, aromatic, lignin, and phenolic compounds in proportion to more labile polysaccharides (Figure 3 ).
| DISCUSSION
Our net ecosystem exchange (NEE) measurements under optimal conditions and during the peak of diurnal photosynthetic activity
provide an objective assessment of the potential contribution of vascular plants and Sphagnum mosses to the exchange of atmospheric CO 2 in the two contrasting peatlands (Bahn, Schmitt, Siegwolf, Richter, & Br€ uggemann, 2009; Bragazza et al., 2016) . The NEE results demonstrate that the presence of vascular plants is crucial to maintain high levels of net CO 2 assimilation in the two peatlands during the growing season (Kuiper et al., 2014; Laine et al., 2012; Ward et al., 2013) . Sphagnum mosses alone were much less efficient in offsetting ecosystem respiratory CO 2 losses under warmer conditions.
Concurrently, gross ecosystem productivity (GEP) in both peatlands (Table 1) .
The overall greater R eco in the presence of vascular plants, particularly at low elevation, is likely due to a higher contribution of autotrophic respiration, in line with: the larger vascular plant biomass (Hicks Pries et al., 2015; Kuiper et al., 2014; Ward et al., 2013) , the corresponding larger biomass of decomposing roots (Murphy, McKinley, & Moore, 2009) , as well as to an enhancement of heterotrophic respiration, i.e. a boosting of microbial metabolism. The latter can be directly stimulated by the improved soil physical conditions due to warmer climate (Conant et al., 2011; Dorrepaal et al., 2009; Philben, Kaiser, & Benner, 2014; Updegraff, Bridgham, Pastor, Weishampel, & Harth, 2001) (Basiliko, Stewart, Roulet, & Moore, 2012; Hardie et al., 2009; Walker et al., 2016 ). Although we cannot exclude a contribution of residual decomposing roots to the priming (even after 1 year of decomposition), if this should take place in the clipped plots it means that the differences in the 14 C enrichment with the control plots would be still larger in total absence of roots in the peat.
A sustained expression of the rhizosphere priming towards the end of the growing season is intriguing because it indicates that the priming can still be active beyond the plant growing season, i.e.
when soil and air temperatures as well as GEP already decline (Figure 1 ; Table S2 ). We interpret this apparent temporal asynchrony between aboveground plant productivity and belowground microbial decomposition as result of: (i) the low thermal diffusivity of peat that maintained favourable soil temperatures later into the growing season (Table S2) (1,420 cm À1 region) and they are expressed as a ratio to polysaccharides (1,090 cm À1 region). Significant differences between treatments are indicated with asterisks ('*'p < .1, *p < .05, **p < .01; ***p < .001), whereas no significant differences were observed between the two sites Inamdar, Mitchell, & McHale, 2014) providing soil microbes with labile carbon substrates to access older organic matter (Qiao et al., 2014) .
On the basis of FT-IR spectroscopy, at both studied sites there was a higher humification degree of dissolved organic matter in plots with intact vascular plants (Figure 3 ), a result that seems to reflect an enhanced microbial metabolism (Dieleman, Lindo, McLaughlin, Craig, & Branfireun, 2016; Glatzel, Kalbitz, Dalva, & Moore, 2003; H€ oll et al., 2009; Lou, Zhai, Kang, Hu, & Hu, 2014; Ward et al., 2013) . The removal of vascular plants is indeed expected to reduce the availability of more labile, root-mediated carbon (Gogo, Laggoun-D efarge, Delarue, & Lottier, 2011) that is used by microbes for synthesizing extracellular enzymes . Additionally, we observe that warmer climatic conditions and larger vascular plant biomass are ultimately associated with a larger release of dissolved organic carbon (DOC) in the peat soil at low elevation (Table 1 ). This latter result points to the synergetic role of climate and vegetation in increasing the production and release of DOC from peatlands (Frey & Smith, 2005; Kane et al., 2014; Neff & Hooper, 2002; Ward et al., 2013) .
On the basis of the 14 C signature in the subsurface peat ( (Ise, Dunn, Wofsy, & Moorcroft, 2008) , but also indicates the potential vulnerability of peat carbon if hydrological feedbacks to climate change increase soil oxygenation (Waddington et al., 2015) and, consequently, promote the spreading of vascular plants (Dieleman et al., 2015; Potvin, Kane, Chimner, Kolka, & Lilleskov, 2015 (Gavazov et al., 2016; Sulman et al., 2017; Walker et al., 2016) .
Our CO 2 exchange measurements, whilst covering only a single growing season, show that the presence of vascular plants is crucial to sustain high potential levels of net atmospheric carbon assimilation in peatlands, particularly with warmer climate. Differently, Sphagnum mosses alone could not keep pace with the observed higher ecosystem respiratory C-losses with warmer climate. A sustained temporal expression of the rhizosphere priming effect, although deserving further investigation (Luo, Wang, & Sun, 2016) , suggests that the decomposition of older peat can be promoted even beyond the plant growing season, so affecting the humification of peat and loss of C in both gaseous and dissolved form. We argue that to accurately predict the future capacity of peatlands to act as atmospheric carbon sinks the synergetic interactions among vegetation dynamics, plant phenology and soil microbes must be taken into account, particularly if the rhizosphere priming effect can be further stimulated in warmer soils (Zhu & Cheng, 2011) , thereby exerting a positive feedback to carbon emissions from organic rich soils.
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